Aside from the terrestrial magnetic field that is generated from the earth core, power transmission, and distribution lines, transformers and other equipment do produce a certain amount of magnetic field that could interfere with the performance of photovoltaic modules. This study conducted an experiment and investigated the performance of a silicon photovoltaic module subjected to a magnetic field. The current-voltage and power-voltage characteristics were plotted in the same axis system and allowed us to find, as a function of the magnetic field, the electrical parameters of the photovoltaic module such as maximum electric power, fill factor, conversion efficiency, and charge resistance at the maximum power point. These electrical parameters were then used to calculate the series and shunt resistances of the equivalent circuit of the photovoltaic module. The results have shown that the efficiency of a solar module is affected by the presence of magnetic fields. However, the magnitude of ambient magnetic field generated by power transmissions lines and other equipment is extremely low (in the order of 10 −2 mT or less) as compared to the values of the magnetic field used in this study. That made it difficult to conclude as to the impact of such field on solar photovoltaic installations.
Introduction
The performance of a photovoltaic module (PV module) depends on climatic and seasonal parameters but may also depend on the presence of some external factors such as electric field, magnetic field, and electromagnetic field.
Various researchers have used theoretical and experimental methods to investigate the effect of climatic and seasonal conditions on photovoltaic modules and arrived at different results.
Emetere et al. [1] examined, through experimental tests, the effects of solar radiation irregularities due to climate change on the electrical performance of photovoltaic modules. Koffi et al. [2] experimentally investigated the seasonal variation of the operating temperature of silicon solar modules under tropical atmospheric conditions, including high turbidity (Harmattan dust particles). Their results confirmed that monocrystalline modules have lower temperature coefficient than polycrystalline and amorphous solar modules. Dia et al. [3] studied the degradation of photovoltaic modules under tropical weather conditions. The degradation of the photovoltaic modules, due to exposure to UV radiation, temperature, humidity, and aerosols in a Sahelian environment was investigated. The study showed that the degradation of the photovoltaic modules is more affected by temperature as well as solar irradiation. In the same vain, Kazem et al. [4] investigated the effect of dust on the performance of photovoltaic modules. The authors conducted an experiment to identify the effect of deposition of different pollutants (red soil, ash, sand, calcium carbonate, and silica) on the voltage and power output of photovoltaic modules. The results showed a drop of the voltage and the power output of the photovoltaic module when dust particles are deposited on the photovoltaic module. This drop was noted to be strongly dependent on the type of pollutant and on the level of deposition. The study also noted that ash pollutant affects the most the voltage of photovoltaic modules as compared to the other pollutants.
Other researchers used experimental methods to study the effect of magnetic field on the performances of solar cells. Betser et al. [5] used an experimental method to measure the mobility of minority carriers in the base of InP/GaInAs heterojunction bipolar transistor under constant magnetic field. The magnetic field was applied perpendicular to the direction of the current flow. The standard magnetotransport theory was used to establish a relation between the base current with no magnetic field, the change in the base current induced by the magnetic field, the mobility of the electrons, and the intensity of the applied magnetic field. The authors obtained the electron mobility in the base of an NPN InP/GaInAs HBT by measuring the base current as a function of the intensity of applied magnetic field. The result was in agreement with the value of the mobility measured by the zero field time of flight technique. Vardanyan et al. [6] proposed a method for measuring all recombination parameters (diffusion length, diffusion coefficient, carriers mobility, back surface recombination velocity) in the base region of bifacial solar cell illuminated by its rear side and under constant magnetic field applied parallel to the surface of the p-n junction. The bifacial solar cell was illuminated with a monochromatic light and the expression of electron photocurrent and the associated parameters were obtained by solving the continuity equation. By measuring the short circuit photocurrents for two different wavelengths without magnetic field and under applied magnetic field, the authors obtained the recombination parameters of the solar cell. Erel [7] conducted an experiment and studied the effect of electric and magnetic fields on the response of three different In a previous work [8] we have shown, by simulation, that within the limits of the study, magnetic fields affect the performance of a photovoltaic module made up of ideal solar cells.
The aim of this work was to investigate potential negative impact of magnetic fields on the performance of a commercial silicon photovoltaic module. From experimental measurements of I-V and P-V characteristics of the photovoltaic module, we found the maximum electric power, the fill factor, the conversion efficiency, and the charge resistance at the maximum power point. Then, we calculated the series and shunt resistances of the equivalent circuit of the photovoltaic module. (xi) a Midi Logger GL 200A to measure the temperature T 1 at the front side of the photovoltaic module, the temperature T 2 at the back side of the photovoltaic module, and the ambient temperature T 3 The autotransformer was used to vary the intensity of the current through the U inductance located at 1 cm from the photovoltaic module, by varying its supply voltage. Consequently, the intensity of the created magnetic field varied. The variation of the current supplied by the photovoltaic module was obtained by the variation of the charge resistance Rh.
Materials and Methods

Experimental
It is worth noting that the test was conducted in Ouagadougou located at latitude 12.37 ∘ N and longitude 1.52 ∘ W.
Magnetic Field Measurement
Device for the Magnetic Field Measurement.
The probe used for the measurement of the magnetic field intensity was a coil; this is illustrated by Figure 3 . This coil is a toroidal inductor whose diameter is 450 mm and it is made up of 10 loops. The loops are made with copper of 1 mm 2 of section and protected with an insulator. This probe is positioned at the section of the magnetic circuit of the inductance that creates the magnetic field. The probe is connected to a ferromagnetic millivoltmeter of class 0.5 ( Figure 3) .
The method used for the measurement of the magnetic field is the principle of the electromagnetic induction.
Determination of the Teslametric Constant.
We suppose that the inductance is not saturated; therefore, it generates a sinusoidal magnetic field whose instantaneous value is given by
B m is the amplitude of the magnetic field. The sinusoidal magnetic field generated by the inductance in U form produces a magnetic flux through the coil of the probe. The instantaneous value of this magnetic flux is given by
N is the number of loops of the probe and S is the section of the coil. Advances in Condensed Matter Physics An electromotive force is induced in the coil and its effective value is measured with a millivoltmeter. The instantaneous value of the electromotive force induced in the coil is expressed in the following:
The expression of the amplitude of the electromotive force is given by
Thus, we deduced the relation between the effective value of the magnetic field and the one of the electromotive force given by
where B is effective value of the magnetic field, E is effective value of the electromotive force induced in the coil, and K T is teslametric constant. In this study, the value of the teslametric constant is = 0.2003 ( −1 ). Knowing the value of the teslametric constant, we deduced the effective value of the magnetic field from the measured effective value of the electromotive force.
The effective values of the magnetic field are given in Table 1 . Figure 4 is a plot of the effective value of the magnetic field as against the effective value of the electromotive force.
We used Figure 4 , which is a straight line passing by the origin of the axis, for the determination of the effective value of the magnetic field.
Results and Discussion
Experimental I-V Characteristics.
The experimental setup of Figure 1 allowed us to measure the intensity provided by the photovoltaic module to a variable charge resistance and its voltage for four constant values of magnetic field intensity. The results of the measurement are presented in Table 2 .
The results in Table 2 show that, from short circuit to open circuit, the intensity of the electric current decreases when the intensity of the applied magnetic field increases.
We noticed that the ambient temperatures T 3 are higher than the temperatures T 1 measured at the front side of the photovoltaic module. The temperatures T 1 are also higher than the temperatures T 2 measured at the back side of the photovoltaic module. The experimental I-V curves have the same shape as the theoretical I-V curves obtained through modelling in a previous study by Combari et al. [8] . As the intensity of the magnetic field in milliTesla (mT) was varied from 0 to 15, 0 to 30, and 0 to 50, the short circuit current decreased by 14%, 22%, and 34%, respectively, while the open circuit voltage slightly increased by 5%, 5%, and 8%, respectively. Table 2 allowed us to compute the electric power that the photovoltaic module can provide to an external charge. The results are in Table 3 .
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Experimental Power-Voltage Characteristics. The experimental values in
The results show that the electric power decreases with an increase of the magnetic field, except for points close to the open circuit voltage. The decrease of the electric power means that, as the magnetic field increases, the decrease in current is much more important than the increase in voltage. Figure 6 is a plot of the electric power versus the voltage at different intensity of the magnetic field. Figure 6 is also in accordance with the theoretical powervoltage characteristics which were obtained through modelling in a previous study by Combari et al. [8] . It can be observed that, as the intensity of the magnetic field increases, the electric power at the maximum power point decreases. Also, as intensity of the magnetic field increases, the curves get less steep and shift to the right towards the open circuit voltage region. Consequently, the maximum power point moves towards large values of the voltage but lower values of the current, hence decreasing the electric power. In fact, as the intensity of the magnetic field in milliTesla (mT) was varied from 0 to 15, 0 to 30, and 0 to 50, the electric power at the maximum power point decreased by about 9%, 21%, and 48%, respectively.
Characteristic Values of the Photovoltaic Module.
We present in this section the characteristics of the photovoltaic module under the influence of the magnetic field. The characteristics include current, voltage, and charge resistance 6 Advances in Condensed Matter Physics Table 4 : Electrical parameters of the photovoltaic module against the intensity of the magnetic field and for a solar irradiance of 600 W/m 2 . at the maximum power point (MPP), series and shunt resistances, maximum electric power, fill factor, and conversion efficiency.
Electrical Parameters of the Photovoltaic Module.
The electrical parameters (current and voltage at maximum power point, maximum electric power, fill factor, conversion efficiency, and charge resistance at the maximum power point) of the photovoltaic module under magnetic field are found using the method proposed in previous works [8, 10] . During the test, while measuring the characteristics I-V and P-V, the solar irradiance was also simultaneously measured alongside. The retained values were those corresponding to a measured solar irradiance of 600 W. The incident irradiance falling on the photovoltaic module was calculated through the formula and found to be 16.20 W; S mod is the surface of the photovoltaic module, as defined in Section 2.1. The above calculated incident irradiance was used for the calculation of the conversion efficiency.
The results are presented in Table 4 . On one hand, these results show that the maximum electric power and the related conversion efficiency decrease with an increase of the magnetic field; on the other hand the fill factor and the resistance at the maximum power point increase with an increase of the magnetic field. These experimental results are in agreement with the findings of the studies conducted on a silicon solar cell [10, 11] and on a silicon photovoltaic module [8, 11] .
Within the limits of this study, it is clear that the efficiency of a solar module is affected by the presence of a magnetic field. However, the magnitude of ambient magnetic field generated by power transmissions lines and other equipment is extremely low (in the order of 10 −2 mT or less as illustrated in Table 5 ) as compared to the values of the magnetic field used in this study. That makes it difficult to conclude as to the impact of such field on solar photovoltaic installations.
Series and Shunt Resistances of the Equivalent Circuit of the Photovoltaic Module.
The experimental values of the series and shunt resistances of the equivalent circuit of the photovoltaic module were calculated using equations suggested by Combari et al. [8] . Table 6 gives the series and shunt resistances of the equivalent circuit of the photovoltaic module.
The values of the series and shunt resistances of the equivalent circuit of the photovoltaic module increase with the intensity of the magnetic field. This is in line with the results achieved by the theoretical study [8] . 
Conclusions
This experimental study shows that the maximum electric power output of a photovoltaic module, hence its conversion efficiency, decreases when the intensity of the magnetic field increases. On the contrary, the fill factor and the resistance at the maximum power point do increase with the intensity of the magnetic field. The increase of the experimental values of the series and shunt resistances of the equivalent circuit of the photovoltaic module under magnetic field confirm its resistive behaviour called magnetoresistance. Thus, the maximum electric power and the conversion efficiency are two electrical parameters extremely dependent on the intensity of the applied magnetic field. Consequently, the presence of relatively important magnetic fields in the neighborhood of a photovoltaic module decreases its performance.
However, it is difficult to conclude as to whether ambient magnetic field generated by power transmissions lines and other equipment have noticeable impact on solar photovoltaic installations, since the magnitude of such field is extremely lower compared to the values of the magnetic field used in this study.
The authors then recommend further studies that will narrow into magnetic fields in the order of those generated by power transmissions lines, transformers, and other equipment.
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